In order to explore the development methods suitable for heterogeneous low permeability reservoirs and study the distribution characteristics of residual oil, photoetched glass and artificial core models with three permeability ratios of 1, 6, and 9 were prepared in this research. Three displacement schemes including polymeric surfactant flooding, polymeric surfactant with binary flooding, and binary flooding were designed at the same expenses to obtain the displacement mechanism of various residual oil saturations. The results show that the best displacement efficiency can be achieved by polymeric surfactant flooding, followed by polymeric surfactant with binary flooding, and binary flooding for the models with the same permeability ratio. Binary flooding mainly activates cluster and oil drop residual oils, polymeric surfactant with binary flooding mainly activates cluster, oil film, and column residual oils, whereas polymeric surfactant flooding mainly activates cluster, oil drop, and column residual oils. In addition, with the increase of the model permeability ratio, the recovery ratio of water flooding decreases, whereas the enhanced oil recovery and the variations in residual oil saturation gradually increase after carrying out different displacement measures. The viscoelastic and shearing effects of the polymeric surfactant flooding system can better displace the residual oil, assisting in the further development of heterogeneous low permeability reservoirs.
Introduction
Due to the complex pore structure and severe heterogeneity of low permeability reservoirs, causing large volumes of residual oil in the pores, it is imperative to take reasonable measures to reduce the effect of reservoir heterogeneity on ultimate recovery. Numerous technologies for improved oil recovery have been developed to date [1] [2] [3] [4] [5] . Polymer flooding is widely used for improved recovery efficiency in China's oilfield development [6] [7] [8] [9] . Concerning the mechanism of polymer flooding, the viscoelastic characteristic of the polymer solution can improve oil displacement efficiency as the residual oil is pulled out by the polymer solution. The larger the viscoelasticity of the polymer, the more the reduction in the residual oil saturation [10] . On the other hand, injecting polymer into the pores will easily cause profile reversal after water flooding [11] . In addition, polymer retention in the pores increases the cost of oilfield development, as most of the residual oil remains in the reservoir [12] [13] [14] [15] [16] . For the ternary flooding system, the polymer in the ternary system improves the oil-water mobility ratio and acts to block the high permeability layer, thereby expanding the sweep volume. On the other hand, the surfactant in the ternary system can reduce the interfacial tension between the oil and water, making the oil-water interface film more susceptible to deformation, and the residual oil is gradually broken into small oil droplets and dragged towards the flow direction [17] . However, permeability reduction and flow problems occurred during the oil displacement process, due to the reaction between alkalis (such as NaOH and Na 2 CO 3 ) and divalent cation (Ca 2+ , Mg 2+ ) [18, 19] . Polymeric surfactant (also called active polymer) is a new type of oil displacement agent recently developed and put into field application, which is a group with special functions grafted on the molecular chain of the polymer. Through interactions within and between molecular chains, it realizes the functions of emulsification, viscosity increase, oil washing, and water plugging [20] [21] [22] [23] [24] . The main mechanism of enhanced oil recovery by polymeric surfactant flooding is to improve oil displacement efficiency by emulsification while realizing mobility control.
Very few studies on visual displacement experiments are carried out for low permeability reservoirs and quantitative analysis of different types of residual oil saturation; therefore, the mechanism that leads to low recovery ratio at the micro level is not clear. Oil displacement experiment using a photoetching glass model can visually see the deformation, migration, and accumulation of fluid in the pore structure; the distribution of different types of residual oil is different when different displacement fluids are injected. Yue et al. studied the effect of polymer particles on the saturation of residual oil, dividing the residual oil into clusters, columns, membranes, and blind ends. Polymer particle flooding can reduce the saturation of cluster, column, and membrane residual oil [25] . Wu et al. studied different production strategies by water flooding experiments with an etched-glass micromodel. It was found that altering the injection direction is a more effective method of enhancing oil recovery [26] .
Generally, there is little research on the pore structure that affects the recovery rate of low permeability oil layers at home and abroad. In addition, the internal relationship between pore structure and fluid distribution from a microscopic perspective is seldom analyzed. Despite the fact that most reservoirs have entered high water cut stage, the distribution of residual oil is still unclear. Therefore, it is crucial to study the root causes that affect the fluid distribution and the formation of residual oil so as to find effective methods to improve the recovery rate of low permeability reservoirs. The low-resistance polymeric surfactant to improve displacement effect for low permeability reservoirs has not been used by anyone in previous investigations. This paper uses the photoetching glass model and artificial cores with different permeability ratios to simulate the planar heterogeneous reservoir. In order to explore the adaptability of polymeric surfactant in low permeability reservoirs, different displacement schemes with the same expenses were designed. In addition, the influence of heterogeneity on the distribution of residual oil was obtained by analyzing the variation in the values of residual oil saturation. The above research can provide theoretical support for the development of low permeability reservoirs.
Experimental Design
2.1. Experimental Material. The cores were obtained from the Daqing Oilfield; planar heterogeneous photolithographic glass models were made with different permeability ratios of 1, 6, and 9, where permeability ratio is defined as the ratio of the maximum permeability to the minimum permeability of the model. The average permeability of the models is 25 × 10 −3 μm 2 , which is measured by the method of Fang et al. [27] , and the dimensions are 40 mm × 40 mm. The pore structure photos of a natural core casting thin section were taken with a permeability ratio of 1. Photochemical etching technique was used to obtain the photoetched glass model which is basically consistent with the actual oil layer. When making the glass model with a permeability ratio 6, two Daqing cores with a permeability ratio of 6 were selected and photos were taken. The two sets of photos are spliced and placed on a glass plate; after exposure, development, and high temperature calcination, a glass model can be obtained. Using the same method, the glass model with a permeability ratio of 9 can be obtained. The wettability of the glass model is designed to be hydrophilic according to the selected core characteristics, and the porosity and groove's depth of the glass models are 20.1% and 0.45 mm, respectively. In addition, the grain size of the model is 1-3Φ; pore size and throat size of the glass models are 10-100 μm and 1-10 μm, respectively; and pore volume of the glass models is 145 μL. The schematic diagram of the glass model is shown in Figure 1 . An artificial flat core model with dimensions of 30 mm × 30 mm × 4:5 mm and permeability ratios of 1, 6, and 9, respectively, was utilized. Simulated oil used from the Daqing oilfield, with a viscosity of 10 mPa·s at 45°C and water with mineralization of 508 mg/L, was used for microscopic water flooding (1) Inject 0.68 PV polymeric surfactant (Cp = 600 mg/L) with the viscosity of 14.75 mPa·s and then initiate water flooding until the water cut reached 98%
(2) Inject 0.17 PV polymer/surfactant solution with the viscosity of 9.2 mPa·s (the concentration of the polymer is 1000 mg/L, the concentration of surfactant is 0.1%); afterwards, initiate water flooding until the water cut reached 98%
(3) Inject 0.1 PV polymeric surfactant (Cp = 600 mg/L), then inject 0.15 PV polymer/surfactant solution (the concentration of the polymer is 1000 mg/L and the concentration of the surfactant is 0.1%); finally, initiate water flooding until the water cut reached 98% 2.4. Experimental Process. Oil displacement experiment of the photoetching glass model consists of the following processes: (1) saturate with oil after vacuuming the photoetching glass model, (2) water flooding at a constant rate of 0.03 mL/h until the end of oil production from the model, (3) inject the three displacement systems at a constant speed of 0.03 mL/h and observe the distribution of residual oil in the model, (4) calculate the oil displacement efficiency and all kinds of residual oil saturation after the experiment, and (5) replace the model and repeat the above steps. The artificial flat core flooding experiment consists of the following processes: (1) saturate with formation water after the core is vacuumed, then inject the simulated oil into the model until the outlet end is free of water; afterwards, initiate water flooding until there is no more oil production from the core; (2) inject three displacement systems and stop the displacement process when the water cut reaches 98%;
(3) replace the model and repeat the above steps.
Saturation Measurement of Various Residual Oils.
The displacement images were read through a function in MATLAB. Water, oil, and glass phases were distinguished by giving grey thresholds. After carrying out oil displacement, the residual oil saturation is equal to the area ratio of oil to pore space [28] . In order to calculate a certain type of residual oil saturation, the total number of pixels of the residual oil block was counted to obtain the total area of the oil block. Different types of residual oil saturations were obtained by taking the ratio of the oil block area to the pore area.
Experimental Results and Analysis

The Distribution of Micro Residual Oil after Different
Flooding Systems. Through the video recording system, the distribution characteristics of microscopic residual oil can be photographed in real time. Residual oil can be divided into 5 types according to its cause of formation and distribution in pores including cluster, columnar, oil drop, blind end, and oil film [26, 27] . Taking polymeric surfactant flooding as an example, the distribution of residual oil under polymeric surfactant flooding with different permeability ratios can be obtained as shown in Figures 4-6. By processing the experimental images, the recovery ratio and the values of residual oil saturation after different displacement flooding systems can be obtained; the displacement results are shown in Figures 7 and 8 (polymer solution is replaced by P, binary flooding is replaced by S/P, and polymeric surfactant flooding is replaced by PS). Considering the effect of the systematic error of experimental technology, operating error, and data processing error on experimental results, each experiment with different oil displacement measures was repeated 5 times; thus, the mean value of the displacement efficiency and saturation of various residual oils was obtained. Using the relative uncertainty calculation formula (equation (1)), the relative uncertainty of each group can be obtained [29] . It can be seen from Figures 7 and 8 that the relative uncertainty of each group is within ±5%, so the reliability of the experimental results can be proved. With the increase of the permeability ratio, the displacement efficiency of water flooding gradually decreases, because the larger the permeability 3 Geofluids ratio, the greater the difference of pores and throats between high and low permeability regions, resulting in the formation of the dominant flowing path in high permeability areas. In addition, the saturation of cluster residual oil gradually increases, while the saturation of other residual oil gradually decreases.
After the implementation of the different oil displacement schemes, on the basis of conventional water flooding, polymeric surfactant flooding has shown better oil displacement effect, followed by polymeric surfactant with subsequent binary flooding and binary flooding. When the permeability ratio is 1, recovery rate is increased by 13.92%, 10.20%, and 8.72%, respectively; when the ratio is 6, recovery rate is increased by 15.15%, 11.30%, and 9.71%, respectively; and when the ratio is 9, recovery rate is increased by 17.51%, 13.78%, and 11.90%, respectively. The viscosity of the low-resistance polymeric surfactant is 
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relatively high under the condition of low concentration, which can better block high permeability areas; in addition, polymeric surfactant has good emulsifying and viscoelasticity properties, so it can further improve sweep volume and reduce the saturation of residual oil. The oil displacement effect of polymeric surfactant is better than that of polymeric surfactant with subsequent binary flooding. This is because when binary flooding is performed after the polymeric surfactant, the viscosity of the composite system decreases and the plugging effect on high permeability areas is poor. On the contrary, the injection of the binary system reduces the interfacial tension, so its displacement efficiency is better than that of single binary flooding.
Under the same oil displacement measures, with the increase of the permeability ratio, improved recovery efficiency increases and the variation in the values of various residual oil saturation gradually increases, which shows that injection of the displacement agent can effectively improve reservoir heterogeneity. From Figure 8 , we can see that under the same permeability ratio, compared with conventional water flooding, all kinds of residual oil saturation are reduced.
Binary flooding mainly activates cluster and oil drop residual oils; polymeric surfactant with binary flooding mainly activates cluster, oil film, and column residual oils; polymeric surfactant flooding mainly activates cluster, oil drop, and column residual oils.
Displacement Effect of Different Oil Displacement
Measures Using an Artificial Core. In order to explore the reliability of the microscopic model test results, the artificial core displacement tests were carried out in this paper. Using a core with a permeability ratio of 6 to explore displacement effect under different displacement measures, as shown in Figure 9 , it can be seen from the recovery ratio and water cut curves that the water cut reduction of polymeric surfactant flooding is the largest, which has the best displacement effect, followed by polymeric surfactant with binary flooding and binary flooding alone; it is consistent with the oil displacement experiment results of the photoetched glass model; the corresponding recovery ratios were increased by 20.22%, 16.30%, and 13.09%, respectively. 
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From the injection pressure curve, as shown in Figure 9 (b), it can be seen that the injection pressure is small during water flooding. After injecting the chemical agents, the injection pressure increases rapidly, the polymeric surfactant flooding has the highest injection pressure compared with other two oil displacement systems, and the subsequent water flooding 6 Geofluids stage can maintain a higher injection pressure. Polymeric surfactant with high viscosity can block the main channel in the high permeability layers, resulting in a sudden pressure rise and a sharp increase in the liquid absorption in the low permeability layers, and the residual oil begins to flow. In the actual field application, the polymeric surfactant is a shear diluting fluid, although the initial viscosity is very high, but the flow velocity near the embrasure is very high, so the actual viscosity is very low; therefore, it is easy to inject into the deep part of the reservoir. As the flow velocity decreases, the viscosity gradually increases, which helps to reduce the water-oil mobility ratio and expand the swept volume. Polymeric surfactant flooding is better than polymeric surfactant and binary flooding system. This is because under the condition of the same treatment design and cost, polymeric surfactant flooding has a large injection PV. In addition, by comparing the scanning electron microscope analysis results as shown in Figure 10 , for polymeric surfactant and the subsequent binary flooding system, we can see that the microscopic morphology of the polymeric surfactant before injection of binary flooding is a compact spatial network structure, so the viscosity is high. The addition of the binary system loosens the connection between the molecular aggregates which leads to a fracture phenomenon, which indicates that the addition of the binary system destroys the microcrosslinking structure of the polymeric surfactant and reduces the size of the molecular aggregates, thus greatly reducing the viscosity. However, polymeric surfactant with subsequent binary flooding are better than binary flooding alone because the polymeric surfactant and subsequent binary flooding system gives full advantages of the two chemical flooding systems, the injection of polymeric surfactant can further expand the swept volume of the low permeability region and the subsequent binary flooding can reduce oil-water interfacial tension and promote crude oil emulsification.
Maximum oil displacement efficiency is achieved through polymeric surfactant injection in the above experiments, so polymeric surfactant is selected to carry out further displacement experiments to investigate the influence of the permeability ratio on the displacement phenomenon. From Figure 11 , it can be seen that, with the increase of the model permeability ratio, on the basis of conventional water flooding, for the models with permeability ratios of 1, 6, and 9, the recovery ratio of polymeric surfactant flooding is increased by 19.52%, 20.22%, and 21.47%, respectively. From the injection pressure curve, it can be observed that the larger the model permeability ratio, the higher the injection pressure during water flooding. After polymer surfactant is injected, the injection pressure rises rapidly, the swept volume of the core increases, and the recovery ratio is enhanced. The porous medium is treated as multiple bundles of capillaries with equal lengths. For heterogeneous models with different permeability ratios, it is simplified to two capillary bundles with different radii. According to the Kozeny equation (equation (2)), permeability is proportional to the square of the circular tube radius and the permeability ratio is K max /K min = ðr max /r min Þ 2 . In addition, flow rate of the fluid passing through two capillary tubes can be calculated by Poiseuille's formula (equation (3)), which is expressed by Q max and Q min . Assuming that the pressure difference Δp at both ends of the two circular tubes is the same and the fluid viscosity μ and the length of the circular tubes L are both equal, the flow rate ratio through the two circular tubes is Q max /Q min = ðK max /K min Þ 2 .
where K max is the permeability of the high permeability layer, K min is the permeability of the low permeability layer, r is the circular tube radius, Q is the flow rate of the fluid, and φ is porosity. For heterogeneous models with a permeability ratio of 6, the flow ratio of the high permeability layer to the low permeability layer is 36; for heterogeneous models with a permeability ratio of 9, the flow ratio is 81. The above analysis explains the phenomenon of injected water distribution in heterogeneous models with different permeability ratios. There are two formation mechanisms of cluster residual oil: one is that the small pores encompass the large pores-water always travels along the pores with low resistance during the displacement process, so the crude oil in one or a group of large pores surrounded by the small pores is difficult to be displaced, and the crude oil will remain in the large pores. The other is the formation of cluster residual oil for the small throat surrounded by the unobstructed large channel. Since water mainly flows along the large channel, then gathers in small channels, it will form clusters of residual oil. The cluster residual oil does not have a characteristic shape, it may be Y-or H-shaped composed of several columnar residual oils, or it may be a large irregularly shaped residual oil formed by smaller clumps of residual oil. This kind of residual oil is small in quantity but exists in sections and therefore contains a large amount of oil.
From Figure 12 , we can see that when the polymeric surfactant is injected into the pores, due to the increased viscosity of the injection fluid, it can spread to areas that cannot be reached by water flooding. During the displacement process, the residual oil first enters the large pores and forms an oil wall. This results in the increase of displacement resistance leading to increase of the swept volume of small pore channels. Injection of polymeric surfactant increases the displacement pressure difference at both ends of the pores, which results in the formation of a continuous channel between small pores and large pores, and eventually, the cluster residual oil is gradually converted into other types of residual oils and transported to the outlet end with the displacement fluid.
Oil Drop Residual
Oil. After water flooding, there are some oil droplets that are separated from each other in the water phase. These oil droplets are stripped from the pore wall and subjected to the pore Jamin effect during flow, which cannot be displaced by water. Some throat radii are smaller 8 Geofluids than the radius of oil droplets, and oil droplets need to be deformed when passing through these throats. Due to the high interfacial tension between the oil and water, and small displacement pressure difference at both ends of the throat which is not enough to overcome the capillary force, the oil drops stay at the throat. As can be seen from Figure 13 , after injecting the polymeric surfactant, oil droplets are elongated and broken under shearing action, then dispersed into small droplets. These oil droplets deform as they pass through the throat and appear like dumbbells; consequently, the resistance of oil drops through the small throat is reduced. In addition, the crude oil in the model is emulsified and transported to the outlet end in the form of oil in water under the action of the displacement liquid.
Oil Film Residual
Oil. The oil-wet pore wall has a strong adhesion effect on the oil. After water flooding, the displacing force of water is less than the adhesive force of oil on the pore wall, water passes through the middle of the pores, and oil is adsorbed on the pore wall to form oil film residual oil. There is a large amount of residual oil in the oil-wet pores; oil film residual oil often serves as a channel connecting two independent oil bodies. As can be noticed from Figure 14 , after injecting the polymeric surfactant, under a certain velocity gradient, the displacement front of the oil film lengthens. As a result, the oil film becomes thinner until it is completely carried down in the continuous process and droplets are emulsified in the form of oil-in-water emulsion. With the increase of shear stress, the polymeric surfactant can displace oil film residual oil. Due to the tensile stress caused by polymer macromolecules in the pore throat, the local pressure gradient increases, which is conducive to driving the residual oil in the pore throat. The polymeric surfactant solution is a viscoelastic fluid which plays an important role in improving oil-water mobility and exhibits a normal stress in motion. The magnitude of normal stress is related to the degree of elasticity of the viscoelastic fluid and relative motion. The driving force of polymeric surfactant to oil film on the pore wall is greater than that of water flooding. On the other hand, the interfacial viscosity of the polymeric surfactant solution and oil is much higher than that of water and oil. The shear stress at the interface between the surfactant solution and the oil is proportional to the interfacial viscosity. It is a pulling force on the oil film in the shearing motion direction of the polymeric surfactant solution. Due to the effect of these two forces, the flow of residual oil which was immobile during water flooding is initiated, which is also a reason why polymeric surfactant flooding can improve the oil displacement efficiency.
Columnar Residual
Oil. Due to the small throat radius in low permeability reservoirs and according to the capillary resistance calculation formula, Pc = 2δ/r (Pc is capillary force, δ is the oil-water interfacial tension, and r is the capillary radius), residual oil in some slender throats is subjected to very large capillary resistance. The displacement pressure is smaller than the capillary resistance, which causes the formation of columnar residual oil due to snap-off effect during the flow process. Due to the small seepage resistance and the relatively weak shearing action of the large pore channel for the polymeric surfactant flooding, the large pore channel can be effectively blocked. It leads to increased displacement pressure difference between the two ends of the small pore channels, resulting in more residual oil displacement and recovery. From Figure 15 , we can see that the injection of the polymeric surfactant solution plays an emulsifying role in the columnar residual oil. The columnar residual oil deforms under the influence of displacement fluid and moves forward along the pore wall in a wire-drawing state. The columnar residual oil accumulates at the edge of the pore, which is then displaced by the displacement fluid. 9 Geofluids 3.3.5. Blind End Residual Oil. After water flooding, the residual oil at the blind end gathers in the pores closed at one end and is difficult to be displaced. The injection of the polymeric surfactant solution increases the shear force and has a pulling effect on the residual oil around the blind end pores, forming a continuous oil flow channel with the pore wall at the blind end. As can be seen from Figure 16 , under the emulsification of polymeric surfactant, the blind end residual oil is eventually dispersed into droplets and displaced. Based upon fundamentals of fluid mechanics, the reservoir is composed of a large number of pore channels with complex geometric shapes, in which secondary flow is often induced and vortex is generated. In the process of two-phase displacement flow in reservoir pores, the size, intensity, and sweep area of the vortex play a very important role in the displacement of residual oil. Vortex phenomenon was also observed in the experiment. The ability of polymeric surfactant solution to displace residual oil mainly depends on its acting force on the crude oil and carrying capacity.
Therefore, during the displacement process in reservoir pores, the stress field formed by the viscoelastic vortex can be used as an index to measure the displacement ability of the polymeric surfactant solution to blind end residual oil. Only when the stress at the interface between the displacement fluid and the crude oil is sufficient to overcome the viscous forces and structural forces inside the crude oil does it become possible to drive the blind end residual oil. For the oil-wet blind end, the oil displacement efficiency of the blind end residual oil increases with the increase of the elasticity of the polymeric surfactant solution. For the water-wet blind end, the polymeric surfactant solution cannot improve the displacement efficiency of immovable residual oil. If the residual oil at the blind end is movable oil, or if other oil drops flow into the blind end and coalesce with the residual oil at the blind end, larger movable oil drops can be formed and displaced by viscoelastic fluid, which can reduce the blind end residual oil saturation.
Conclusion
(1) With the increase in the permeability ratio, the oil displacement efficiency of water flooding gradually decreases. In comparison with conventional water flooding, improved recovery efficiency and gradual reduction in the saturations of various residual oils after injecting different displacement schemes show that polymeric surfactant injection can effectively reduce the effect of reservoir heterogeneity on recovery
(2) Judging from the changes in residual oil saturation, binary flooding mainly activates cluster and oil drop residual oils; polymeric surfactant with binary flooding mainly activates cluster, oil film, and column residual oils; polymeric surfactant flooding mainly activates cluster, oil drop, and column residual oils (3) From core flooding experiment results, under the condition of the same permeability ratio of 6, polymeric surfactant flooding has the best displacement efficiency, followed by polymeric surfactant with binary system and the binary flooding system having the least efficiency. The corresponding recovery ratios were increased by 20.22%, 16.30%, and 13.09%, respectively. After injecting the binary flooding system, the microcrosslinking structure of the polymeric surfactant is destroyed, which reduces the size of the molecular aggregates. This greatly reduces 
